The use of CRISPR/Cas9 as a genome-editing tool in various model organisms has radically changed targeted mutagenesis.
Since the publication of the human genome sequence (International Human Genome Sequencing Consortium 2004), genomewide association studies (GWAS) (Welter et al. 2014 ) and exomesequencing projects have been identifying candidate human disease genes at a rapid rate (Rabbani et al. 2014) . Clinical and genomic data alone are normally insufficient proof that a candidate gene is responsible for the observed phenotype, and human geneticists are now facing the immense challenge of finding methods to validate those candidate disease genes. One of the most common lines of support for candidate genes is by showing analogous phenotypes in animal models by inactivating the homologous gene, commonly known as a gene "knockout." For decades, the mouse has been the most popular model organism in validating the function of genes, but large-scale validation of candidate genes in mice is limited by many factors, such as the small number of progeny, the lethality of many knockouts in utero, and relatively expensive husbandry.
For a number of reasons, the zebrafish (Danio rerio) has become an increasingly important model organism for both basic and translational research. The utility of the zebrafish has further increased with a finished sequenced genome (Howe et al. 2013) , joining human and mouse as only the third, high-quality genome for vertebrates. In zebrafish, major gene function studies were traditionally carried out using forward genetic screens or using antisense morpholino technology. Targeting specific lesions in the genome was impossible. Morpholinos were an accepted alternative to genomic lesions, but increasingly, there are reports of strong phenotypes that are a result of clearly off-target inhibition (Kok et al. 2014; Law and Sargent 2014) . One report by Kok et al. (2014) showed that 80% of gene knockouts did not recapitulate the morpholino phenotype reported for the same gene. This is a significant setback to researchers interested in rapidly testing candidate gene validity in a vertebrate model system.
Recently, many large-scale reverse genetics projects have generated thousands of mutants in zebrafish, which will have a major impact for systematically modeling human disease genes. Typically, these large-scale projects used random mutagenesis either by chemical-based (ENU) or retroviral-mediated methods (Clark et al. 2011; Kettleborough et al. 2013; Varshney et al. 2013a, b) . While these methods are effective for inactivating genes in a high-throughput manner, they have certain disadvantages, one of the major ones being that it is nearly impossible to cost-effectively inactivate every gene in the genome with a random mutagenesis scheme. At a certain depth of mutagenesis for any random technique, the cost of identifying new random mutations drops below useful levels, inherently limiting the number of genes mutated using these approaches. In the last few years, targeted mutagenesis methods based on engineered endonucleases such as zinc finger nucleases (ZFNs) or transcription activator-like effector nucleases (TALENs) have been shown to work well in zebrafish (Doyon et al. 2008; Bedell et al. 2012) . These engineered synthetic nucleases induce double-stranded breaks in the specific gene of interest, which are often imprecisely repaired by error-prone, nonhomologous end joining (NHEJ). More recently, the bacterial type II clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system has emerged as a new, targeted mutagenesis method in many species, including zebrafish (Gasiunas et al. 2012; Jinek et al. 2012; Cong et al. 2013; Hwang et al. 2013a,b; Jao et al. 2013; Mali et al. 2013; Gagnon et al. 2014; Hsu et al. 2014) .
Neither ZFNs nor TALENs are readily amenable to highthroughput mutagenesis projects due to the effort involved in assembling DNA binding domains that work efficiently. CRISPR/ Cas9 is much more suited to high-throughput mutagenesis projects because of the simple design requirements, ease of use, and the ability to simultaneously target multiple genes. While the application of CRISPR/Cas9 in zebrafish genome editing has been shown (Chang et al. 2013; Hwang et al. 2013a,b; Jao et al. 2013; Gagnon et al. 2014 ); high-throughput methods for generating stable mutants had not been developed. Such techniques would be invaluable for rapid testing of multiple candidate genes from GWAS or exome studies in humans without the confounding artifacts often seen with morpholino studies (Law and Sargent 2014) . In this study, we demonstrate the efficiency of CRISPR/Cas9 in generating stable, germline-transmitted mutants across 162 independent targets in zebrafish. We further tested its efficiency in multiplexed genome editing, increasing its potential for highthroughput mutagenesis projects. In addition, we demonstrated that phenotypes could be rapidly screened in the F 1 generation by inbreeding founders, reducing the time needed for phenotyping screening by a generation (≈3-4 mo).
Results

Genome-wide identification of CRISPR targets
To assist in the design of CRISPR targets in zebrafish, we produced a browser extensible data (BED) track computationally predicting 18,367,469 CRISPR 20-mers in the zebrafish reference genome (http://genome.ucsc.edu/cgi-bin/hgHubConnect, "CRISPRs" track on the ZebrafishGenomics track hub). The track allows for rapid selection of guide sequences with embedded information on predicted off-target sites in the genome. The number appearing in the name field of the BED track indicates the number of off-targets for the 12-mer seed region. This track is designed to be a useful first-pass resource for identifying potential CRISPR targets and is complementary to other tools such as http://crispr.mit.edu/ (Supplemental Fig. 1 ). We also designed two smaller BED files representing the subset of CRISPR targets that can be synthesized in vitro with either T7 "GG CRISPRs" or SP6 "GA CRISPRs." We based our guide RNA designs on published recommendations for CRISPR design . Each 20-mer on the track is upstream of an NGG PAM site and differs by at least three mismatches from any other 20-mer upstream of an NGG or NAG PAM site. In this study, the majority of synthesized targets were from the pool of 13,177,179 targets that are in a region of invariant sequence in the NHGRI-1 line (LaFave et al. 2014) , which is closely related to the wild-type TAB-5 line used in this study. This allowed us to avoid the problem of sequence variants that might inhibit gene targeting and thereby compromise data on the efficacy of target design.
Generation of heritable mutations using CRISPR/Cas9
Our goal was to develop an efficient, high-throughput mutagenesis and phenotyping pipeline in zebrafish. The critical step of the CRISPR/Cas9 system is to generate the single-guide RNA (sgRNA), which contains a 20-nucleotide (nt) sequence that targets the genomic loci, and 80 nt of chimeric guide RNA (crRNA: tracrRNA) (Cong et al. 2013; Mali et al. 2013) . Most methods rely on subcloning 20-nt target sequences between a promoter (T7) and the crRNA:tracrRNA sequences and obtaining the sgRNAs from in vitro transcription off of the plasmid. We developed a simple and high-throughput method of generating sgRNA using two, partially overlapping oligonucleotides; one target-specific oligonucleotide and the other a generic oligonucleotide that can be used for all constructs, similar to a recently published method by Gagnon et al. (2014) . These two oligonucleotides formed a double-stranded template by annealing at the 20-nt overlap and were extended via Taq DNA polymerase; sgRNAs were then synthesized by in vitro transcription directly off the linear, double-stranded DNA (Fig. 1A) . As these steps can be done in 96-well format, hundreds of sgRNAs can be synthesized in a few hours, increasing the throughput significantly over cloning-based methods. To test the efficacy of sgRNAs generated by this method, we targeted three genomic loci with known phenotypes such as tyrosinase (Jao et al. 2013) , fgf24 (Fischer et al. 2003) , and chordin (Haffter et al. 1996) and scored expected phenotypes in the injected embryos (Supplemental Fig. 2 ). As shown in previous publications, targeting tyrosinase resulted in reduced pigmentation, fgf24 resulted in an absence of pectoral fins, and chordin resulted in ventralized tissues in the tail. Together, these results indicate our oligo-based sgRNA synthesis method is robust.
We designed sgRNAs to target 162 sites in 83 genes. For each gene, we designed independent sgRNAs targeting two different exons, with the exception of smaller genes with only 1-2 exons; in those cases we targeted two different positions in the same exon. Our overall mutant generation strategy is outlined in Figure 1 . To determine the efficiency of CRISPR/Cas9 in inducing germline mutations, we identified mutations in F 1 progeny by crossing founder fish (F 0 ) to wild-type TAB-5 fish and analyzing seven embryos from each founder outcross for insertions or deletions (indels) in the genomic target by fluorescence PCR or sequencing (Figs. 1B, 2) . In both approaches, the target region was amplified using three primers: a pair of gene-specific primers, one of which contained M13-forward sequences, and a third M13-forward adapter primer, which was either fluorescently labeled (for ABI size analysis) or contained a unique 6-bp barcode (for Illumina MiSeq analysis) (Fig. 2) . Using fluorescence PCR, we obtained data from all 162 targeted genomic sites, and by barcoded PCR, we obtained sequence data from 114 of the same sites.
To generate a high-throughput and robust mutagenesis pipeline, we determined the minimum number of founders necessary to routinely identify germline mutations from the fluorescence PCR screening data. For nearly every gene, six founder fish were sufficient to identify at least one germline-transmitted mutation. A total of 1080 founders were tested for their ability to generate germline mutations (Fig. 3A) , and 567 founders (53%) were positive for carrying mutations in the germline. We showed 138/162 targets had mutagenic activity, i.e., ∼15% of guides failed the initial screening. We typically tested 6-7 founders for each gene, but we found that screening more founders did occasionally identify mutations from lower activity sgRNAs. The overall success rate can therefore be increased by screening more founders per gene, but the cost of increased success is a reduction in total throughput.
We identified germline mutations in 82 of 83 genes (99%), which demonstrates that by designing at least two targets per gene, there is a very high probability of identifying germline-transmitted mutations from at least one sg|RNA. From 1080 founders, we screened a total of 7525 embryos, and out of these, 2097 embryos (28%) carried mutations (Fig.  3A) . The average germline transmission rate for injected fish was 53%, i.e., screening four founders should be sufficient for most sgRNAs injected. The germline transmission rate varied widely from target to target (Supplemental Table 1 ), and it was as high as 100% for the top quartile of targets.
Fluorescence PCR analysis of the mutant alleles indicates CRISPR/Cas9 generated both deletions and insertions. From 162 targets, we identified 1545 deletions (74%) and 552 insertions (26%) (Fig. 4A ). Since we targeted exons, we further identified the insertions or deletions that either changed the reading frame (frameshift) or did not change the reading frame (in-frame). We identified 1056 frameshift deletions (68%), and 489 in-frame deletions (32%), along with 428 frameshift insertions (77%) and 124 in-frame insertions (23%) (Fig.  4A) . Most of the mutations (>75%) generated by CRISPR/Cas9 are <12 bp +/− (Fig.  4B ). However, we detected mutations up to 182 bp for deletions and 52 bp for insertions. Using the Illumina MiSeq platform, we sequenced amplicons from 114 targets representing 58 genes (Supplemental Files 1, 4-6). We detected at least one allele from 93 of the targets (82%) and identified a total of 678 unique alleles, resulting in an average of seven alleles per gene, with a maximum number of 34 unique alleles (Supplemental Table  2 ). There were 28 genes with more than 10 alleles. This high efficiency of identified alleles per gene demonstrates the utility of CRISPR/Cas9 for high-throughput mutagenesis projects.
Other studies have used large-scale CRISPR targeting of loci in cell culture (Doench et al. 2014) or somatic tissue (Gagnon et al. 2014 ) to determine general rules for sgRNA design that might maximize efficiency. In terms of predicting mutagenesis rates, none of the sequence-based observations made in Doench et al. (2014) or Gagnon et al. (2014) were significantly predictive in Figure 1 . Overview of mutagenesis and phenotyping strategies. (A) Single-guide RNA (sgRNA) was synthesized from a template that is generated by annealing and extending oligo A and B. Oligo B is generic and is common in all reactions, while Oligo A contains a T7 promoter, 20-nt target sequence, and another 20 nt overlapping the chimeric gRNA core sequence. Two sgRNAs targeting a single gene were co-injected along with Cas9mRNA into either the yolk or the cell of one-cell stage embryos. The injected embryos were raised to generate the founder fish. (B) The founder fish were then outcrossed to wild type to generate heterozygous F 1 fish. The mutant fish were identified by fluorescence PCR and sequencing. The siblings carrying mutations were then crossed to generate F 2 progeny, and phenotype-genotype correlations were done using the F 2 embryos. (C) Alternatively, the founder fish were inbred and phenotyping was performed in the F 1 generation, and the embryos were genotyped by fluorescence PCR or sequencing. (D) Phenotypes can also be observed in the injected embryos from 0 to 5 d, although off-target effects are more common with this approach. In order to score phenotypes in injected embryos, the sgRNA and Cas9 must be injected in the cell instead of the yolk to achieve maximum efficiency.
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genome.cshlp.org Downloaded from our experiments . The only feature that had any predictive value was if we had mismatched bases at the 5 ′ end of the targeting sequence (Supplemental Fig. 7 ). T7 requires a GG at the RNA transcriptional start for efficient transcription. Most of the 20-nt genomic targets we selected contained the GG sequence at the 5 ′ end of the 20-nt genomic target, but because of the T7 promoter requirement, in a few cases we designed 20-nt target sequences that did not have a GG in the genomic sequence at the 5 ′ end. In these instances, we added one or two additional G bases beyond the 20-nt targeting sequence that did have a genomic sequence match. This had a significant negative impact on the mutagenic activity of the sgRNA, with the median mutagenic frequency being 20% compared to 67% for the guides with a GG match at the 5 ′ end (Wilcoxon rank sum test with continuity correction, P = 6.432 × 10 −6 ).
Direct comparison of CRISPR/Cas9 to ZFNs and TALENs
Previously, we targeted 26 genes with ZFNs or TALENs and successfully generated multiple knockout alleles for 21 genes (Sood et al. 2013) . In addition to the substantial reduction in cost and increased ease of design and assembly for CRISPR targets compared to ZFNs and TALENs, our data showed that the CRISPRs were significantly more efficient in generating genetic mutations (Fig.  3A) . To identify germline-transmitting founders with ZFNs or TALENs, it was typically necessary to screen 60 embryos/founder. Because F 1 fish from positive founders averaged 40% mutant carriers, seven embryos/founder were almost always sufficient to identify mutations from CRISPR/Cas9 injected founders. We screened more than 20,000 embryos to identify mutations in 21 genes generated by either ZFNs or TALENs, while only ≈7500 embryos Figure 2 . Overview of the mutant identification strategies. Mutant alleles were identified by fluorescence PCR and high-throughput sequencing. Genespecific primers were designed to amplify the regions around the target site (200-300 bp). The forward primer contains an M13-forward sequence on the 5 ′ end, and the reverse primer contains a pig-tail sequence to reduce size heterogeneity PCR artifacts. Depending on the application, one of two additional primers was added. (Option A) For fluorescent PCR, an M13-forward oligo with the fluorophore FAM attached was added. The resulting primers were run on an ABI 3100 or 3730 along with a size standard to obtain the amplicon sizes accurate to base-pair resolution. The size of the peak relative to the wild-type peak control determines the nature and length of the mutant. (Option B) When amplicons were sequenced, a third primer containing M13-forward sequence with a 6-bp barcode attached to the 5 ′ end was used. A unique barcode was assigned to each embryo from the same target. The amplicons were sequenced on an Illumina MiSeq platform with 300-bp paired-end reads. The sequences were processed using ampliconDIVider for the identification of insertions and deletions induced by CRISPR/Cas9 (http://research.nhgri.nih.gov/CRISPRz).
were screened to identify mutations in 83 genes using CRISPR. Furthermore, ∼28% of F 1 progeny from germline-transmitting founders targeted with CRISPR/Cas9 carry the mutant alleles, compared to 5% and 4% for ZFNs and TALENs (Fig. 3A) , thus reducing the number of F 1 embryos that need to be raised for efficient recovery of mutant alleles. Overall, our data demonstrate that CRISPR/ Cas9 is by far the most efficient gene targeting method in zebrafish. At the sequence level, indel mutations generated by these gene-editing nucleases can be classified as simple insertions, simple deletions, and complex changes that include both deletion and random insertion (Fig. 3B ). Our data showed that ZFNs and CRISPR/Cas9 both caused simple insertions and deletions at a significant rate, while TALENs rarely generated simple insertions in zebrafish, which is consistent with the recent compilation of mutations generated in mammalian and nonmammalian systems with ZFNs and TALENs (Kim et al. 2013 ).
Comparison of somatic and germline mutations generated by CRISPR/Cas9
To understand how CRISPR/Cas9-mediated mutagenesis impacts different cell types and how the mutations are distributed during zebrafish embryonic development, we compared mutations that were generated in somatic cells of the founder fish to germlinetransmitted mutations. We randomly selected 21 founders containing mutations from CRISPR targets with high activity (designated as group I) and 22 founders from CRISPR targets with moderate activity (designated as group II). For somatic mutations, we used tissue from the founder fish's (F 0 ) tail fins and amplified the genomic sequences targeted by the CRISPR/Cas9. We also PCR-amplified the same genomic regions in F 1 embryos known to carry mutations in the targeted region and sequenced them using the Illumina MiSeq platform. Sequence analysis of the mutation frequency showed 2618 mutations were detected in the somatic cells of the injected fish for a mean of 53.4 mutations per founder; 99 of those mutations (3.8%) were transmitted through the germline to the F 1 generation. Seventy-six percent (75/99) of the mutations found in the F 1 generation were also detectable in the somatic samples from the corresponding founder tissue (Supplemental Fig. 8 ).
While the sampling of seven F 1 embryos underrepresents the total potential mutagenized genomes that might have transmitted through the germline, analysis of mutation distribution in both groups indicates most (76%) mutations transmitted through the germline can be detected in the somatic cells. In contrast, the majority of somatic cell mutations were not found in the F 1 generation. These data suggest that the majority of germline-transmitted mutations are happening very early after injection. It is known that the zebrafish germ cells are committed at the latest by the 1000-cell stage (Yoon et al. 1997) , so any mutation that can be detected in both the somatic tissue and the F 1 generation most likely was generated in the first 3 h after injection, and they will be the majority of mutants identified in the F 1 generation. Somatic and germline mutations continue to build up after the germline has been committed, but they will be represented in a much lower percentage of F 1 embryos.
CRISPR/Cas9 can generate heritable large deletions
When injected in pairs, ZFNs and TALENs have been shown to induce genomic modification such as deletions and inversions (Gupta et al. 2013; Lim et al. 2013) . We investigated whether 
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genome.cshlp.org Downloaded from CRISPR/Cas9 induced heritable large deletions when two sgRNAs were simultaneously used. We routinely injected two sgRNAs targeting two different sites for each gene to ensure mutant recovery, so we were able to test the frequency of deletions during the normal process of identifying mutants. Primer pairs flanking the two target sites were used to amplify the junction sequence between the two targets; it was possible to amplify the junction across the intervening region only when a large deletion occurred. We screened 15 targeted genes by fluorescent PCR and detected 24 large deletions. Five out of 15 (33%) genes had deletion events, with 24 embryos out of 322 from germline-transmitting founders carrying these deletions. The deletions occurred at an average rate of ∼3% (Fig. 5A) . If the founders were first selected for germline transmission of mutations at a single target site, the transmission rate was boosted to 7.4%. The germline transmission rate for big deletions was consistent with the reported 1%-3% somatic mutagenesis rate described previously (Xiao et al. 2013 ). The junction sequences were confirmed by Sanger sequencing. We detected a 25,717-bp deletion in man2a1, a 9632-bp in mgat1b, a 1687-bp in man2b1, and a 676-bp deletion in mgat3a (Fig. 5B-E) . Together, our results show that CRISPR/Cas9 can be used to efficiently generate large deletions.
Heritable multiplex genome editing induced by CRISPR/Cas9
The CRISPR/Cas9 system is capable of targeting multiple genomic loci simultaneously, making it a versatile technology for multiplex gene targeting. This could be a significant tool given that zebrafish frequently have duplicated paralogs or functionally redundant genes. Jao and colleagues targeted five different genomic loci simultaneously, and associated phenotypes were observed in the injected embryos (Jao et al. 2013 ). We examined multiplex targeting for generating germline mutations as an approach to further increase mutagenesis throughput. We randomly selected 10 gene targets and synthesized 10 sgRNAs by pooling 10 oligos in a single reaction. We then co-injected ∼2 nL of the sgRNA mixture (100 ng/µL) and 150 ng/µL Cas9mRNA into the yolk of onecell stage embryos and raised injected embryos to adults. The injected founder fish (F 0 ) were crossed with wild-type fish (TAB-5), and seven embryos from 12 different founders were tested by fluorescence PCR as described above. We observed gene editing in seven out of 10 targeted loci with germline efficiencies from 5% to 88% (Supplemental Table 3 ). One target also did not work when injected individually, suggesting that the failure for that guide was not a result of the multiplexing. Forty percent of the embryos had mutations in one gene, 24% embryos in two genes, 10% in three genes, 6% in four genes, and one embryo carried germline mutations in five genes ( Table 1 ). Given that 40% of the F 1 embryos were carrying mutations in only one gene, 8-10 loci can be targeted simultaneously and fish carrying a single mutation can readily be identified in the F 1 generation. Multiplexing increases the mutagenesis throughput 10-fold by reducing the animal husbandry needed to identify single mutant carriers. There is a small but measurable drop in mutagenic efficiency when multiplexing, most of which can be compensated for by increased concentration or more careful injection techniques.
Phenotypic analysis of CRISPR/Cas9-induced alleles in the F 1 generation
The primary purpose for generating knockout alleles is to study the consequences of gene function loss. Traditionally, phenotypic analysis is done using homozygous mutants generated by inbreeding heterozygous mutant carriers. Previous studies showed CRISPR/Cas9 can generate bi-allelic mutations and phenotypes can often be detected directly in injected embryos (F 0 ) (Jao et al. 2013) . In order to develop a high-throughput phenotypic pipeline, we sought to test whether phenotypic analysis can systematically be done in the F 1 generation by inbreeding injected founders ( 
1B-D)
. We inbred a number of founders and collected embryos from the F 1 generation to screen mutant phenotypes and correlate them with genotypes. F 1 embryos were genotyped by both fluorescence PCR and sequencing. Consistent with other studies, most knocked-out genes did not display a readily observable embryonic phenotype (Kettleborough et al. 2013 ), but there were crosses with phenotypes clearly linked to the mutation.
For example, we targeted the tyrosine kinase receptor fgfr4 (Ota et al. 2010 ) and inbred founders that had not been prescreened to confirm germline transmission of mutants. Six founder pairs were crossed and one cross had embryos that displayed consistent phenotypes of heart edema, reduced midbrain-hindbrain, and modestly shortened bodies (Fig. 6 ). These founders had been injected with two different sgRNAs targeting two different genomic loci (targets 1 and 2: T1, T2). Both loci were tested in five embryos with phenotypes and 43 normal-looking embryos. All phenotypically normal embryos were either genotyped as wild type or heterozygous; all five phenotypic embryos were compound heterozygous mutants.
We tested 19 genes by founder inbreeding using two different strategies. The first strategy was to "prescreen" the founders by outcrossing to wild-type fish and testing embryos for germline transmission of mutations. Germlinepositive founders were then crossed to generate F 1 fish with compound heterozygous mutations. We tested eight different genomic targets with this approach and an average of 36% of the F 1 larvae were scored as compound heterozygous mutations (Table 2A ). The second strategy was to cross founder fish without prescreening. We tested 10 genes in this fashion, including the previously mentioned fgfr4. Forty-one percent of crosses had at least one identified compound heterozygous mutant larva; 11% of all embryos were compound heterozygous mutants. There were no cases in either strategy where no compound heterozygous mutants were identified. These tests demonstrate that embryos can consistently be screened in the F 1 generation for mutant phenotypes, thus saving a minimum of 3 mo of animal husbandry when initially testing for phenotypes.
Phenotypic correlation between human disease loci and zebrafish mutations
To get an initial estimate of how often zebrafish can be used to rapidly confirm candidate genes for human diseases, we chose eight genes (Table 3 ) from a highly curated list of genes that when mutated are known to cause nonsyndromic deafness in humans (Van Camp and Smith). (C-E) Sequence of the deleted interval for mgat1b, man2b1, and mgat3a. The target sites are marked in gray, while the PAM sites are underlined. The sequences were obtained from the PCR products across the two target sites. The top strand represents the wild-type sequence and the bottom strand represents the junction sequences between two target sites. The size of the deletion is indicated on the right side. Data summarizing mutant distribution in the F 1 larvae of fish injected with 10 different sgRNAs.
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Zebrafish larvae can be rapidly tested for hearing and vestibular function by tapping on the dish to elicit an acoustic startle response (Nicolson et al. 1998 ). Of the eight tested, three genes (cdh23, dfna5b, and ush1c) displayed a loss of startle response directly linked to the genotype of the fish (Table 3 ). All three of these genes have published phenotypes from either mutants or morpholino inhibition (Busch-Nentwich et al. 2004; Sollner et al. 2004; Phillips et al. 2011) . Our observed phenotypes for cdh23 and ush1c matched the published mutant phenotypes exactly; however, our observed phenotype for dfna5b was significantly less severe than the morpholino inhibition phenotype reported in Busch-Nentwich et al. (2004) . Specifically, we did not see the reported craniofacial defects reported by BuschNentwich, potentially reinforcing the recent cautions emerging regarding the use of morpholinos for phenotypic analysis (Kok et al. 2014) . It is notable that the jaw phenotypes reported by BuschNentwich only emerged at relatively high morpholino concentrations (15-40 ng), suggesting that this phenotype might represent an off-target effect of the morpholinos used. Five of the eight genes did not display an obvious deafness phenotype despite strong evidence of their involvement in human deafness. This most likely represents the general limitations of simple gene inactivation in assessing human disease loci, which does not fully represent the variety of ways mutations can influence protein function or pathology.
Analysis of off-target activities induced by CRISPR/Cas9
CRISPR/Cas9 not only induces mutations at the intended target sites but can also bind to similar sequences and induce mutations at other genomic loci. CRISPR/Cas9 has a tolerance for mismatches at the 5 ′ end of the target site but less so in the seed region (8-12 nt) at the 3 ′ end adjacent to the PAM site. Three independent studies have shown CRISPR/Cas9 could induce mutations even at the sites with up to five mismatches (Fu et al. 2013; Hsu et al. 2013; Pattanayak et al. 2013) . We investigated the co-inheritance of mutations generated at the target site and at related off-target locations induced by CRISPR/Cas9. From our collection of 162 targets that we used for identifying germline mutations, we selected five targets with different levels of activity at the target location; these targets were eya4-T2, dfna5b-T2, ptprn2-T2, marveld2b-T1, and fndc7a-T2, and their mutagenic activities were 84%, 78%, 37%, 12%, and 5%, respectively. We selected a subset of potential off-target locations that were located specifically in exons of other genes. We selected five off-targets from each sgRNA that differed from the target sequence ranging from three to nine mismatches, and PCR-amplified the off-target genomic loci. Amplicons were pooled and sequenced on the Illumina MiSeq sequencing platform. Only one of the 25 off-target loci tested displayed a detectable mutation (Supplemental Table 4 ). The dfna5b-OT1 with three mismatches generated a 3-bp deletion, and other off-targets did not show any activity. Generally speaking, between segregation of unlinked mutations and the low occurrence of predicted off-target sites in exons or regulatory elements, off-target effects confounding phenotypic analysis of mutations in zebrafish can be considered a relatively small risk.
Discussion
Human candidate disease genes are being identified at a rapid rate from various GWAS and exome-sequencing projects, and these candidates need to be functionally validated. Zebrafish has been increasingly used to validate candidate disease genes because they represent a model organism that is a good compromise between speed of testing and relative closeness to human biology (Davis et al. 2014) . For example, a recent, large-scale exome-sequencing project identified genes putatively causing developmental disorders. This study quickly validated 21 candidate genes in zebrafish using morpholino-mediated knockdown (Deciphering Developmental Disorders Study 2015) . However, a recent report demonstrated that morpholino-mediated knockdown in zebrafish caused significantly more off-target induced phenotypes than was typically believed (Kok et al. 2014) . In fact, 80% of the morphant phenotypes were not recapitulated by an actual genetic knockout of the matching gene, and many of the traditional controls used with morpholinos were also subject to misleading artifacts. There are currently no commonly used, high-throughput methods available in zebrafish that can substitute for morpholino-mediated knockdown to quickly verify the phenotype of a gene knockout. We describe here a high-throughput, streamlined pipeline for generating genomic lesions in zebrafish genes by CRISPR/Cas9. The targeting mutagenesis pipeline we described here includes a rapid method of generating sgRNA, mutant identification by fluorescence PCR, preliminary phenotype screening by inbreeding injected founder fish, and verification of insertions or deletions by multiplexed next-generation sequencing.
CRISPR/Cas9-mediated mutagenesis studies in zebrafish have reported mutagenesis efficiencies from 17% to 90%, but germline Figure 6 . fgfr4 −/− phenotype identified by inbreeding injected founder fish. Two single-guide RNAs (sgRNAs) targeting two different exons of the fgfr4 gene were co-injected with Cas9mRNA into wildtype embryos and raised to adults to generate founder fish (F 0 ). Six pairs of founder fish (F 0 ) were inbred and scored for mutant phenotypes. One of the six pairs showed multiple embryos with the same phenotype observable at 48 h post-fertilization. (A) Wild-type embryo at 48 h post-fertilization. White arrow indicates a normally sized hindbrain, white arrowhead indicates a normal heart chamber, and black arrow represents a normal tail length. (B) An fgfr4 compound heterozygous mutation displaying multiple phenotypes. White arrow indicates a reduced hindbrain region, white arrowhead points to a heart edema, and black arrow shows the shortened body axis. All phenotypes were only found in the compound heterozygous mutant embryos.
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genome.cshlp.org Downloaded from transmission rates were based on a small number of targets (Chang et al. 2013; Hwang et al. 2013a,b; Jao et al. 2013; Gagnon et al. 2014) . This study provides enough germline transmission data to confidently identify the average efficiency for mutations induced by CRISPR/ Cas9 and to robustly test the validity of guidelines for efficient sgRNA design.
We targeted two different loci for each gene and found we had a 99% success rate for generating mutations across 83 genes. The average rate of positive founders from more than 1000 fish tested was ≈50%, meaning that, on average, every other injected embryo transmitted mutations through the germline to the next generation. Although the average germline transmission rate was ≈50%, the rate varied substantially from target to target, ranging from 0% to 100% (Supplemental Table 1 ). When mutations were detected in the F 1 generation, on average >50% of the F 1 offspring were mutant carriers. Our data shows CRISPR/ Cas9 was on average six times more efficient at making mutations in zebrafish when compared to ZFNs or TALENs (Fig. 3A) .
Comparing the efficiency of targeting across 162 sgRNAs, we can make several conclusions about target efficacy. First, >75% of the targets we designed had activities with >20% germline success (Supplemental Table 1 , compare first and second quartile). This has the important ramification that for the majority of targets tested, six to eight injected embryos was sufficient to identify mutant carriers. Similarly, in most fish, 50% or more of the embryos were mutant carriers, so for high-throughput mutagenesis, we routinely only had to test seven F 1 embryos to confidently identify mutants. Although some weak trends could be detected in our data, most of the published "rules" for sgRNA design did not have statistically significant effects on targeting efficiency across a large number of genomic targets, leading us to conclude that most of the variation in efficiency is not a result of deviating from the "ideal" design.
The one sgRNA feature that we were able to demonstrate had a very strong effect on targeting efficiency was when there were mismatched bases at the 5 ′ end of the sgRNA. Hwang et al. (2013b) reported no loss of guide activity if the GG dinucleotide necessary for T7 RNA synthesis was not part of the genomic target sequence. In contrast, we found Two different strategies were tested for screening phenotypes of embryos resulting from inbreeding two CRISPR/Cas9-injected founder fish. (A) Founder fish were first outcrossed to wild-type fish and embryos were tested by fluorescent PCR for mutant alleles. Injected fish that were positive for germline transmission of mutations were subsequently bred together to generate embryos that contained compound heterozygous deletions/insertions in the targeted gene. Thirty-six percent of all embryos were scored as double mutant. (B) Up to six pairs of injected fish for each targeted gene were randomly bred together and up to 32 embryos genotyped. An average of 11% of embryos were compound heterozygous double mutants.
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genome.cshlp.org Downloaded from of the 30 sgRNAs that contained extra, mismatched bases at the 5 ′ end of the sgRNA, nine failed completely (30%), and only five of the 30 targets were in the top 50% in terms of activity. However, sgRNAs that started with a GG that matched the genome had only 15 failures from 132 targets (11%) (Supplemental Table  1 ). In other words, having a one-or two-base mismatch at the 5 ′ end of the sgRNA makes the guide three times more likely to fail completely. This is an effect similar to what was seen in Gagnon et al. (2014) when they used nonconsensus starting dinucleotides for T7 (GA or AG), and our interpretation is that the loss of activity they saw was the result of mismatched bases from "slippage" being incorporated at the 5 ′ end of the sgRNA. If you remove the sgRNA targets with 5 ′ mismatches from our data, the overall success rate improves to 88%. We have not established whether the loss in efficiency is a result of the mismatched bases at the 5 ′ end or that the total length of the sgRNA is 1-2 bases longer. We saw relatively little in terms of off-target effects compared to the data coming from cell culture studies. One possible reason for the high off-target rates observed in cell culture and minimal off-target events in zebrafish is the duration of Cas9/sgRNA activity. This may be because of a shorter duration of Cas9 activity, faster dividing cells, or segregation of unlinked loci during meiosis. Regardless of the reason, off-target effects appear to be of minimal concern. We agree with the conclusions in Kok et al. (2014) that morpholino-generated phenotypes are problematic without confirmation from cognate mutant alleles.
We showed three methods for determining phenotype. The fastest method is to observe phenotypes in the injected embryos when the guide RNA is sufficiently active. While occasionally effective, there are significant limitations to this approach. In particular, if the phenotype is unknown, then off-target artifacts are possible just as they are for morpholinos, and it is not possible to confirm the phenotype/genotype correlation by genetic linkage. We showed the second approach of inbreeding injected fish can be an efficient way to rapidly screen for mutant phenotypes. It is somewhat more difficult than "traditional" screening because you are looking at the effects of compound heterozygous mutants with non-Mendelian distributions, but as a "first-pass" screening method it can be very effective. The traditional route (demonstrated with our tests of the human deafness genes) can provide clear, unambiguous results with Mendelian distributions allowing for high-resolution linkage. The methods described here can routinely determine mutant phenotypes in ∼3 mo for tens to hundreds of genes, depending on need. The key limitation when it comes to functional annotation of genes remains the accuracy and sensitivity of detecting phenotypes once the gene is inactivated. High resolution and high-throughput phenotyping remains a fundamental challenge for genetics.
Methods
Designing of CRISPR targets
We generated the SpCas9 CRISPR track by using Bowtie version 0.12.7 to identify relevant sequences (Langmead et al. 2009 ). We began by identifying all the NGG and NAG protospacer-adjacent motifs (PAMs) in version Zv9 of the zebrafish genome. For each 12-mer "seed" region 5
′ of these sites, we counted the number of other seed regions that could be aligned with no more than one mismatch. This number indicates the number of potential off-target sites based on the seed alone. We expanded the analysis to the full 20-mer 5 ′ of the PAMs and identified the number of other such 20-mers that could be aligned with no more than two mismatches. The final output represented in the track are the 20-mers that meet the following criteria:
1. NGG PAM site 2. At least three mismatches in the full 20-mer, relative to all possible off-targets
The 18,367,469 CRISPR targets identified in this manner are viewable in the University of California, Santa Cruz (UCSC) Genome Browser in the "CRISPRs" track of the "ZebrafishGenomics" data hub at http://genome.ucsc.edu/cgibin/hgHubConnect, or in the Ensembl genome browser by uploading http://research.nhgri.nih.gov/manuscripts/Burgess/zebrafish/ downloads/NHGRI-1/hub.txt as a TrackHub (Kent et al. 2002; Flicek et al. 2014) . The name field of the BED file indicates the sequence of the 20-mer and the number of off-target 12-mers that are less than two mismatches away from the seed region. Note that this is an overestimate of the number of off-targets for the full 20-mer, as mismatches in the region upstream of the seed may further reduce the number of off-targets. In general, a lower number in this field indicates a CRISPR target less likely to cut at an off-target site. The values in the score column are scaled to the number of seed off-targets, such that targets with fewer off-targets appear as darker bars on the UCSC Genome Browser (Kent et al. 2002) . Most targets used in this study start with GG followed by N18, which are directly upstream of the NGG PAM sequence (5 ′ -GG-N18-NGG-3 ′ ) to satisfy the requirement for in vitro transcription using a T7 promoter. Three tracks are provided: "CRISPRs," which lists all predicted targets, "GG CRISPRs," which lists targets that can be synthesized by T7 in vitro, and "GA CRISPRs," which lists targets that can be synthesized with SP6.
sgRNA template assembly and preparation of sgRNA and Cas9mRNA
We used a cloning-free method to generate sgRNA templates. To generate sgRNA templates, an oligo consisting of the T7 promoter, 18-to 20-nt target sequences, and 20-nt sequence that overlapped AGC-3 ′ . The two guanines at the beginning of the target sequence are required for in vitro transcription and are the first two bases to be transcribed. Although for most sgRNAs we chose targets that start with GG, this requirement was relaxed for 30 of the targets, and extra guanines were added if the target did not start with two guanines. The targeting oligo was annealed with an 80-nt chimeric sgRNA core sequence: (5 ′ -AAAAGCACCGACTCGGTGCCACT TTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTC TAGCTCTAAAAC-3 ′ ). The annealed oligos were then filled in using Phusion polymerase (New England BioLabs) under the following conditions:
98°C for 2 min 50°C for 10 min 72°C for 10 min
The quality of the assembled oligos was checked on a 2.5% agarose gel. Approximately 2-3 µL of gRNA template was then used to transcribe RNA by in vitro transcription using the HiScribe T7 High Yield RNA Synthesis kit (New England BioLabs) according to the manufacturer's instructions. The sgRNAs were precipitated using isopropanol/sodium acetate (pH 5.2).
For Cas9mRNA, the zebrafish codon optimized cas9 plasmid pT3TS-nls-zCas9-nls was used as template (Jao et al. 2013 ). The template DNA was linearized by XbaI and purified using a QIAprep purification column (Qiagen). Five hundred to 1000 ng linearized template was used to synthesize capped RNA using the mMESSAGE mMACHINE T3 kit (Life Technologies) and precipitated using LiCl.
Embryo injections
All animal husbandry procedures were performed according to approved NHGRI animal protocol G-01-3. All injections were performed in the wild-type strain TAB-5. Approximately 2 nL total volume of Cas9 RNA and sgRNA were co-injected into the yolk of one-cell stage embryos. We used two different concentrations: ≈25 pg of sgRNA per target with ≈300 pg Cas9, or ≈50 pg sgRNA per target with ≈150 pg Cas9. Injected embryos were then raised to adulthood to generate "founder" fish (F 0 ).
Multiplex RNA synthesis and injection
To test the efficiency of multiplex gene targeting, we chose 10 targets randomly. The targeting oligos from each target were pooled together in equimolar concentrations (10 µM each). The sgRNA assembly was performed using the pooled guide oligos and the backbone oligo as described above. The resulting pool of templates was used for in vitro transcription. The pool of RNA representing all targets (≈200 pg) was co-injected with Cas9 (≈300 pg).
Founder screening, F 1 genotyping, and deletion testing by fluorescence PCR
Genomic DNA extraction
Injected fish were grown to adulthood and screened for germline transmission of CRISPR-induced mutations by fluorescence PCR (Sood et al. 2013) . Each putative founder fish was crossed with a wild-type fish and embryos were harvested at 24-72 h post-fertilization in 96-well plates, one embryo per well. Typically, we analyzed seven embryos/founder and raised the remaining embryos to adulthood. This method allowed us to screen 12 founders/plate with positive (DNA from wild-type fish of same strain) and negative controls (water) for PCR. The embryo plate was centrifuged briefly and excess embryo medium was removed from the wells. The plate was then processed for DNA extraction using the DNA Extract-N-Amp Tissue PCR kit (Sigma-Aldrich; St. Louis, MO, USA) or NaOH/Tris-HCl (Meeker et al. 2007 ). For extraction using the kit, embryos were incubated in 32 μL of a 4:1 mixture of extraction solution and tissue preparation solution at room temperature for 10 min, heated to 95°C for 5 min, and mixed with 25 μL of neutralization solution by vortexing. DNA was then diluted 10× with ultra-clean water to remove any PCR inhibitors in the mixture. Note that this dilution step is very important for success of the protocol. Both original and diluted DNA can be stored at −20°C for up to 6 mo.
Fluorescence PCR
PCR reactions used 1.5 μL of diluted DNA and 5 μL of PCR mix containing AmpliTaq Gold DNA polymerase (Life Technologies) with appropriate buffer, MgCl 2 , dNTPs, and equimolar ratios of the following three primers at 5 pmol/μL: M13F primer with fluorescent tag (6-FAM, HEX, or TAMRA), amplicon-specific forward primer with M13 forward tail (5 ′ -TGTAAAACGACGGCCAGT-3 ′ ) and 5 ′ PIG-tailed (5 ′ -GTGTCTT-3 ′ ) amplicon-specific reverse primer (gene-specific primers are listed in Supplemental File 2) (Brownstein et al. 1996) . PCR conditions were as follows: denaturation at 94°C for 12 min, followed by 35 cycles of amplification (94°C for 30 sec, 57°C for 30 sec, and 72°C for 30 sec), final extension at 72°C for 10 min, and indefinite hold at 4°C. Ten microliters of 1:25 mixture of ROX400 size-standard and Hi-Di formamide (Life Technologies) were added to 1.5 μL of PCR product and samples were denatured at 95°C for 5 min. Denatured PCR products were analyzed to identify wild-type and mutant fragments generated by insertion or deletion on a Genetic Analyzer 3130xl using POP-7 polymer. Data were analyzed for allele sizes and corresponding peak heights using the local Southern algorithm available in the Genescan and Genotyper software of the GeneMapper software package (Life Technologies). The allele sizes were used to calculate the observed indel mutations. Mutations from two independent founders that were not in multiples of 3 bp and thus predicted to be frameshift truncations were selected for further confirmation by sequencing. Adult F 1 progeny of these founder fish were genotyped similarly by fluorescent PCR using DNA extracted from fin clips.
Deletion screening
We tested for possible deletion of the regions between two targets in several genes where mutations were detected individually for both targets. Fluorescence PCR was performed using the same protocol as described above except the forward primer of the target site in the 5 ′ exon was mixed with the reverse primer of the target site for the 3 ′ exon. The deletions were confirmed by sequencing of the PCR products from the samples that yielded a peak of significant peak height under these conditions.
Multiplex barcode sequencing
Targeted regions were amplified using gene-specific primers and a third primer containing a 6-bp barcode (Supplemental File 3). The barcoding allowed us to multiplex up to 96 samples from each
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genome.cshlp.org Downloaded from targeted region. The PCR amplicons were purified using a QIAquick PCR purification kit. Equimolar concentrations from each target were pooled together to construct the sequencing library. Libraries compatible with Illumina HiSeq 2500 sequencing were constructed from 100 ng CRISPR DNA using the Ovation Ultralow Library System (NuGEN). The libraries were quantitated by qPCR (KAPA Biosystems). Approximately 10 million 300-base read pairs were generated on an Illumina MiSeq sequencer. Three libraries were prepared in this manner. The sequence data were processed using RTA version 1.18.54 and CASAVA version 1.8.2.
Deletion/insertion variant identification
We identified the deletion and insertion variants (DIVs) using ampliconDIVider v.1.0.0 (http://research.nhgri.nih.gov/CRISPRz). This software uses cutadapt v.1.3 (Martin 2011 ) to trim nongenomic DNA from the reads, NovoAlign v.3.02.07 (http://www. novocraft.com/) to align trimmed reads to amplicons from version Zv9 of the zebrafish genome (Howe et al. 2013 ), bam2mpg and mpg2vcf.pl (http://research.nhgri.nih.gov/software/bam2mpg/) (Teer et al. 2010 ) to identify samples with DIVs, sam2pairwise v.1 .0.0 to (https://github.com/mlafave/sam2pairwise) visualize DIVcontaining reads as pairwise alignments, and SAMtools v.0.1.19 (Li et al. 2009 ), BAMtools v.2.3.0 (Barnett et al. 2011) , and bgzip to process file formats. We identified all DIVs that overlapped the region 30 bp + or − from the 3 ′ end of the guide RNA sequence and used MUSCLE v3.8.31 to visualize the multiple sequence alignments (Edgar 2004) . The alignments in Supplemental File 1 are in ClustalW format and have been manually rearranged such that the reference sequence is the first line. We summed and compared DIVs by identifying the type (deletion or insertion), position from the 5 ′ end of the fragment, and length of the variant.
Statistical analysis
The statistical analyses carried out in Supplemental Figures 3-7 were carried out in R v.3.0.2 using kruskal.test() and wilcox.test() (Supplemental Fig. 7 ; R Core Team 2013). The significance threshold was adjusted from P = 0.05 to P = 0.01 by Bonferroni correction. These figures were created using ggplot2 v.0.9.3.1 (Wickham 2009 ).
Data access
All sequence data derived from PCR amplicons for CRISPR targets have been submitted to the NCBI BioProject database (http://www.ncbi.nlm.nih.gov/bioproject) under accession number PRJNA262180.
